protein. They fail to interact with the native state because the "recognition" sites are not accessible (9) . However, some chaperones can facilitate protein unfolding (10) ; thus, there may be ongoing surveillance of the native state or the chaperone may trap the native protein when it spontaneously unfolds.
With PDI, recognition of native vs non-native structure might be based on any of the structural or chemical differences between the two states. The native structure may be resistant to PDI attack because its disulfides are inaccessible. PDI and related proteins are the only molecular chaperones that interacts covalently with their substrates. One of the active site cysteines (the nucleophilic cysteine) forms a mixed disulfide with a cysteine from the substrate (6, 11, 12) . Once a native disulfide is attacked by PDI, the disulfide may reform and expel PDI much faster than it rearranges, implying chemical stability of the protein disulfide. Finally, the native protein may be subject to PDI attack, just like misfolded proteins, but the thermodynamic stability of the native state ensures a low equilibrium concentration of misfolded proteins.
To explore how (or if) PDI discriminates native from non-native structures, we compared the reactivity of several native protein disulfides with dithiothreitol in the presence and absence of PDI. The protein substrates we examined are all very well characterized structurally and thermodynamically, including knowledge about the contribution of specific disulfides to the structure. The proteins include bovine pancreatic ribonuclease A (RNase A) (13) , bovine pancreatic trypsin inhibitor (BPTI) (14) , and microbial ribonuclease (RNase Sa) (15) . The proteins have different structures, disulfide exposures, and thermodynamic stabilities. All are PDI substrates. The rate constants for PDI-catalyzed reduction are directly correlated with the rate constants for uncatalyzed reaction with DTT over a reactivity range that spans six orders of magnitude. Scrambled RNase, with its randomly formed disulfides, is considerably more reactive with PDI than expected based on the reactivity of the native protein, implying that PDI recognizes extensively unfolded proteins. This extensive interaction is evidently not available for the transiently unfolded structures that are formed from native proteins. University. PDI was purified to >90% homogeneity, determined by SDS-PAGE, as described previously (16). The concentration of PDI was determined by absorbance at 280 nm using E 0.1% of 0.94 (mg/ml) -1 cm -1 (17). All absorbance measurements were performed using a Beckman DU-70 spectrophotometer. PDI was reduced in 10 mM DTT overnight at room temperature. The DTT was removed by centrifugal gel filtration using BioGel P-6 equilibrated in 10 mM Tris-HCl buffer, pH 7.5.
MATERIALS AND METHODS

Materials. Bovine pancreatic trypsin inhibitor (BPTI)
Preparation of Scrambled Ribonuclease. Scrambled RNase A (sRNase) was produced by a modification of the method of Hillson et al.(18) . Native RNase A (30 mg/ml) was incubated with 130 mM DTT (15-fold excess over RNase disulfides) in 50 mM Tris-HCl containing 9 M urea and 50 mM sarcosine, pH=8.6, for 18-20 hr at room temperature and followed by extensive dialysis against 0.1 M acetic acid in cold. The RNase A was then diluted into 50 volumes 9 M urea, 50 mM Tris and 50 mM sarcosine, pH 8.5. Oxygen gas was bubbled slowly through solution in the dark for 2 days at room temperature. 
RESULTS
The contribution of disulfides to protein stability depends on the redox environment (22). PDI-catalyzes the DTT-dependent reduction of all the native proteins examined (Table I) .
A representative example is shown in Figure 1 In the presence or absence of PDI, the disappearance of the native protein is first-order and can be described by an exponential function. For all of the proteins examined (RNase, BPTI and RNase Sa), the native protein can be fully reduced in the presence of PDI at high DTT and PDI concentrations. and 96 that contributes 4.6 kcal/mol to the overall stability of the protein (6.4 kcal/mol) (15 is reduced more slowly than wild-type (Table I) .
To compare PDI catalyzed reduction of native disulfides to its reduction of a random, unstructured disulfide, the reduction of scrambled RNase was measured. As expected, the reduction of sRNase was much faster compared with native proteins (Table I ). The rate constant for sRNase reduction catalyzed by PDI is about 10 6 faster than that for reduction of native 
The free energy corresponding to unfolding (K un ) is due to destroying non-covalent interactions in the native state that must be broken to convert the protein disulfide to one that is as reactive as an exposed disulfide in scrambled RNase.
Using the same approximation, Goldenberg (31) estimates that the (Table I) .
Structural basis for reactivity. The native proteins we chose to study have been characterized extremely well with respect to structure, stability and the contribution of the individual disulfides to stability. Of the four disulfides of native RNAse, reduction of 65-72 and 40-95 occur fastest and by parallel pathways (25). With BPTI, the 14-38 disulfide is the most easily reduced. With RNase Sa, there is only one disulfide bond. The common characteristic of all of these disulfides is that they are at least partially exposed to solvent (Table I) . Totally inaccessible disulfides are less reactive. However, for the partially exposed disulfides in this study, there is only a weak correlation between exposure and reactivity with DTT or PDI.
nRNase is the least exposed and least reactive; however, the exposures of the reactive disulfides of RNase Sa and BPTI are similar; yet, BPTI is almost 100-fold more reactive.
The disulfides of these three proteins contribute differently to the stability of the structure toward equilibrium denaturation. The difference in the free energy of stabilization for the wildtype protein and mutants in which the cysteine has been replaced by alanine are given in Table I .
If unfolding of the structure that is stabilized by the disulfides occurs in the transition state for reduction, stability would correlate directly to reactivity. However, this is not the case for the proteins in this study. The 14-38 disulfide contributes as much to the stability of BPTI as the 7-96 disulfide of RNase Sa; yet, the 14-38 disulfide of BPTI is 74-fold more reactive with DTT.
Apparently, the interactions that are stabilized by a given disulfide must be destroyed to differing extents as the disulfide is reduced. Kinetic flexibility of the structure surrounding the disulfide might also affect the rate of disulfide reduction; however, for these proteins the disulfides are all located in reasonably rigid portions of the molecule and there appears to be no correlation of the by guest on October 5, 2017
http://www.jbc.org/ rate of reduction with the crystallographic temperature-factor of the structure surrounding the disulfide. As with other factors that govern protein stability and kinetic reactivity, the reactivity of disulfides with PDI and DTT reflects a delicate and complex interplay between exposure and stability, possibly including long-range interactions that stabilize the structure.
PDI discrimination between native and misfolded substrates. Native disulfides are clearly not immune from PDI initiating attempts at isomerization or reduction. Surveillance by PDI is evidently an ongoing process for both native and non-native disulfides. Substrate reduction, oxidation and isomerization are all initiated by the attack of a PDI active site cysteine on a substrate sulfur so that the recognition events are likely to be similar for all PDI-catalyzed reactions.
Some disulfides are simply more reactive with PDI than others, and this difference is reflected both in the rate of PDI-catalyzed reduction and in the uncatalyzed reduction by DTT.
In fact, reactivity with PDI correlates faithfully with the reactivity toward DTT over six orders of magnitude ( Figure 7 ). For native proteins, the a plot of log(k DTT ) against log(k PDI ) is linear with a slope of 0.8 ± 0.03. The slope is determined by a series of different proteins with greatly different reactivity. If only the three RNase Sa variants are considered, the slope is 0.94± 0.3, very close to one, suggesting that the factors that dictate reactivity with DTT influence the PDIcatalyzed reaction to the same extent. For these native protein disulfides, PDI recognizes features of the native structure but with no more discrimination than DTT. The determinants of native disulfide reactivity with PDI are essentially those features of the disulfide that govern its reactivity with DTT. Although BPTI is almost as reactive with PDI and DTT as an exposed disulfide, the thermodynamic stability of the structure of the native arrangement of disulfides is the most stable one, preventing the accumulation of alternative disulfide arrangements at (27).
The strong correlation between the rates of catalyzed and uncatalyzed reduction of native disulfides shows that the factors that influence reactivity with PDI and DTT are very similar.
This is consistent with a previous study on the formation of a disulfide from two cysteines of β-lactamase that are buried in a folded structure(32). In this case, the β-lactamase has to unfold spontaneously before the thiols can be oxidized by PDI. Compared to the disulfide of glutathione, PDI is 500-fold better in promoting the oxidation of folded, reduced β-lactamase.
This difference in rate can be accounted for by the higher chemical reactivity of the active sitedisulfide of PDI compared to GSSG. Based on this precedent (32), it seems unlikely that PDI facilitates the reduction of native disulfides by interacting with the native structure and inducing it to unfold.
Based on the behavior of native proteins, the rate constant for PDI-catalyzed reduction of the denatured protein, sRNase is about 60-fold faster than expected from the rate of its reduction by DTT (Figure 7 ). Although PDI does not recognize differences between various native proteins any better than DTT, it does detect unfolded substrates better than DTT, presumably a Third-order rate constant for reduction by PDI in the presence of DTT. After subtracting the rate constant observed in the absence of PDI (DTT only) from the observed rate constant with PDI and DTT, the rate constant was obtained from the slopes of plots of the observed rate constants against PDI and DTT. b water accessible surface area estimated by the program WHATIF by Gert Vriend at http://www.cmbi.kun.nl:1100/WIWWNI. The percent accessibility is the average of the two sulfur atoms; 100% represents the accessible surface area of cysteine c Free energy for "complete" unfolding of the native structure with disulfide intact estimated by urea or GdnHCl denaturation (pH and temperature may vary slightly from conditions used in this paper). d Free energy of unfolding the structure stabilized by the first disulfide to be reduced. Calculated from the free energy of unfolding the native protein minus the free energy of unfolding of a mutant protein in which the specific disulfide has been mutated Ser or Ala. e Free energy of unfolding that is necessary to expose the disulfide to have the same reactivity as a disulfide in sRNase (see text) f reference (13) 
